Aberrant sperm DNA methylation patterns, mainly in imprinted genes, have been associated with male subfertility and oligospermia. Here, we performed a genome-wide methylation analysis in sperm samples representing a wide range of semen parameters. Sperm DNA samples of 38 males attending a fertility centre were analysed with Illumina HumanMethylation27 BeadChips, which quantify methylation of >27 000 CpG sites in cis-regulatory regions of almost 15 000 genes. In an unsupervised analysis of methylation of all analysed sites, the patient samples clustered into a major and a minor group. The major group clustered with samples from normozoospermic healthy volunteers and, thus, may more closely resemble the normal situation. When correlating the clusters with semen and clinical parameters, the sperm counts were significantly different between groups with the minor group exhibiting sperm counts in the low normal range. A linear model identified almost 3000 CpGs with significant methylation differences between groups. Functional analysis revealed a broad gain of methylation in spermatogenesis-related genes and a loss of methylation in inflammation-and immune response-related genes. Quantitative bisulfite pyrosequencing validated differential methylation in three of five significant candidate genes on the array. Collectively, we identified a subgroup of sperm samples for assisted reproduction with sperm counts in the low normal range and broad methylation changes (affecting approximately 10% of analysed CpG sites) in specific pathways, most importantly spermatogenesis-related genes. We propose that epigenetic analysis can supplement traditional semen parameters and has the potential to provide new insights into the aetiology of male subfertility.
INTRODUCTION
The molecular basis of male infertility remains largely unknown (Gianotten et al., 2004) . A number of candidate gene studies revealed that abnormal sperm DNA methylation patterns are associated with reduced sperm count and function (Marques et al., 2008; Kobayashi et al., 2009; Hammoud et al., 2010; Navarro-Costa et al., 2010; Poplinski et al., 2010) as well as outcome of assisted reproductive technologies (ART) (El Hajj et al., 2011) . Accumulating evidence suggests that the spermatozoa contributes more to the embryo than the paternal genome (Krawetz, 2005; . Epigenetic sperm factors may affect the regulation of essential paternal genes during embryogenesis and further development. Spermatogenesis is a highly coordinated process that involves haploidization and epigenetic reprogramming of the paternal genome. In the primordial germ cells of the foetal germ line, all methylation patterns are essentially erased, restoring totipotency and an equivalent epigenetic state in germ cells of both sexes. The sperm-specific methylation patterns are then established during germ cell differentiation (Hajkova et al., 2002; Carrell, 2012) . Remethylation is initiated after prenatal mitotic arrest in prospermatogonia and proceeds in a gene-specific manner until the end of the pachytene spermatocyte stage (Rousseaux et al., 2005; Oakes et al., 2007; Boyano et al., 2008) . Whole genome bisulfite sequencing revealed that the promoter regions of most developmentally important genes are hypomethylated in spermatozoa (Hammoud et al., 2009) , most likely to ensure their rapid activation in the early embryo. Although most repeats are methylated in spermatozoa to prevent retrotransposition activity, several subfamilies of L1 and ALU transposons appear to be relatively hypomethylated in spermatozoa (Molaro et al., 2011) .
Most previous studies on the connection between epigenetic sperm factors and male infertility have used imprinted genes as a model (Marques et al., 2008; Kobayashi et al., 2009; Hammoud et al., 2010; Poplinski et al., 2010; El Hajj et al., 2011) . As the germ line methylation imprints are protected against reprogramming after fertilization (Reik et al., 2001; Haaf, 2006) , aberrant sperm methylation patterns at imprinted loci may directly interfere with post-zygotic development. Indeed, similar epigenetic abnormalities were reported in abortions after ART and in the paternal sperm samples (Kobayashi et al., 2009 ). However, epigenetic alterations in non-imprinted genes and regulatory DNA sequences may be equally important for expression of the paternal genome in the early embryo. One study (Houshdaran et al., 2007) demonstrated that poor semen parameters were associated with elevated methylation levels at numerous nonimprinted genes, suggesting improper erasure of somatic methylation patterns in the male germ line. One serious problem in interpreting sperm methylation patterns is that we do not know much about the normal range of epigenetic variation and the impact of paternal (most importantly age) and environmental factors. Microarray-based methylation analyses demonstrated numerous methylation-variable CpG sites in the sperm epigenome. Evidently, each spermatozoa of the same sample exhibits a unique methylation profile (Flanagan et al., 2006) . With the notable exception of a few highly penetrant imprinting mutations, the phenotypic consequences of epigenetic differences between sperm samples remain largely unclear. At the end, it takes only one spermatozoa to fertilize the oocyte.
Both genome-wide (Krausz et al., 2012) and candidate gene (Kl€ aver et al., 2013) analyses suggest that DNA methylation patterns in normozoospermic males are relatively stable in different quality sperm subpopulations (swim up and down fractions of the same semen samples) and over time (semen samples collected over a period of >180 days from the same males). So far, there are few genome-wide studies (Aston et al., 2011; Pacheco et al., 2011) comparing the methylation profiles of 43 and 21 sperm samples, respectively, with a wide range of semen parameters. Pacheco et al. (2011) associated low motility spermatozoa with genome-wide DNA hypomethylation, but this did not explain most of the variation in their data set. Aston et al. (2011) identified two samples with abnormal sperm packaging and one sample with a high incidence of abnormal in vitro fertilization (IVF) embryogenesis displaying broad methylation changes. Here, we used the same Illumina Infinium array (assessing >27 000 CpG loci) to analyse sperm samples from 38 men presenting to a reproductive health clinic for infertility treatment. A subgroup of sperm samples with sperm counts in the low normal range was characterized by increased methylation of genes involved in spermatogenesis and decreased methylation of genes involved in inflammation and immune response.
MATERIALS AND METHODS

Sperm samples
The study was approved by the Ethics Committee at the Medical Faculty of Wuerzburg University and informed written consent was obtained from all participating subjects. Sperm samples were collected from couples attending the Fertility Center Wiesbaden and pseudonymized before methylation analysis (Table S1 ). Because we wanted to study a cohort which is representative of couples undergoing infertility treatment, participating males were not selected on the basis of semen or clinical parameters. Sperm samples (excess materials) were taken from 38 men giving their informed consent within a certain time period. In addition, semen samples of four healthy normozoospermic volunteers were collected as control group. Two consecutive (within 6 weeks) samples of one donor served as biological replicates.
Semen parameters were measured according to the WHO guidelines (World Health Organization, 2010) . Male infertility was assumed in males with sperm concentration fewer than 20 9 10 6 /mL (oligozoospermia), fewer than 50% spermatozoa with forward progression (categories a and b) or fewer than 25% spermatozoa with category a movement (asthenozoospermia), and/or fewer than 15% spermatozoa with normal morphology (teratozoospermia). Female infertility was assumed in couples, where the males displayed normal semen parameters and with clear indication for female factors, in particular tubal infertility. Some couples showed both male and female factors (combined infertility) or neither male nor female factors (idiopathic infertility).
Spermatozoa for IVF/intracytoplasmatic sperm injection (ICSI) were selected by the standard swim-up separation technique. The remaining material (swim-down fraction) was frozen until further use. After thawing, sperm cells were purified from lymphocytes, epithelial cells, cell debris, bacteria and seminal fluid using Pure Sperm 40/80 (Nidacon, Molndal, Sweden). Sperm purity was checked through inverted light microscopy. Purified spermatozoa were incubated for 2 h at 56°C (on a thermomixer) with 100 mM Tris-Cl, 10 mM EDTA, 500 mM NaCl, 1% SDS, 2% b-mercaptoethanol and 100 lL proteinase K (>600 mAU/mL). DNA was isolated with the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) following the recommendations of the manufacturer.
Microarray analysis
Bisulfite conversion of sperm DNA was performed using the EZ DNA Methylation kit (Zymo Research, Irvine, CA, USA). The samples of 38 patients and five controls were hybridized to four Infinium HumanMethylation27 BeadChips (Illumina, San Diego, CA, USA) with 12 arrays each and scanned with an Illumina Bead Array Reader. This assay allows quantitative measurements of DNA methylation at 27 578 different CpG sites in 14 495 genes (mainly in promoter regions). The raw data were analysed using Illumina GenomeStudio software. The final report with the methylation b-values was exported into the statistical framework R version 2.15.1 (http://www.r-project.org) for further analyses.
The gene ontology (GO) annotation from Entrez GeneIDs was assigned to all target genes, resulting in 13 865 different Entrez GeneIDs. The differential methylation information of the analysed CpG sites was summarized into one p-value per gene using the minimal p-value to increase sensitivity. In a GO enrichment analysis implemented in the GOSim package (Froehlich & Beissbarth, 2012) , the significant genes were analysed for an enrichment of biological processes compared to all genes present on the chip. All p-values calculated by the GOSim package were adjusted for multiple testing by the false discovery rate. In addition, we split the differentially methylated gene set into GO terms associated with increased vs. those with decreased CpG methylation values.
Bisulfite pyrosequencing
To validate the observed microarray methylation differences, bisulfite pyrosequencing of five differentially methylated genes was performed with 29 sperm DNA samples, using a PyroMark Q96 MD pyrosequencing system and the PyroMark Gold Q96 CDT Reagent kit (Qiagen). Gene-specific polymerase chain reaction (PCR) and sequencing primers (Table S2) were designed using the PyroMark Assay Design 2.0 software (Qiagen). The PCR reaction mixture consisted of 2.5 lL 109 buffer, 20 mM MgCl 2 , 0.5 lL 10 mM dNTP mix, 1 lL (10 pmol) of each primer, 0.2 lL (1 U) FastStart Taq DNA polymerase (Roche Diagnostics, Mannheim, Germany), 18.8 lL PCR-grade water and 1 lL (~100 ng) of bisulfite-converted DNA. Amplifications were carried out with an initial denaturation step at 95°C for 5 min, 35 cycles of 95°C for 30 sec, primer-specific annealing temperature for 30 sec and 72°C for 45 sec, and a final extension step at 72°C for 5 min. The Pyro Q-CpG software (Qiagen) was used for data analysis. The averaged b-values of the pyrosequencing measurements were analysed for methylation differences between the two groups defined by microarray analysis.
Statistical and bioinformatic analysis
All statistical analyses were performed with the statistical framework R version 2.15.1. The Lumi package (Du et al., 2008) was used to read and control the quality of the methylation data. The entire methylation array data set (including 38 patients and five control samples) was normalized and no outliers were observed (Figs S1 & S2). The quality controls also showed a good bisulfite conversion (Fig. S3 ) and overall performance of the array (Fig. S4 ). Subsequent analyses were based on the M-values representing the methylated probe intensities divided by the corresponding unmethylated probe intensities (Du et al., 2010) . After adjusting the colour bias of the data, a smooth quantile normalization was performed. Hierarchical Ward clustering based on Euclidean distances of the sitewise M-values was performed (Ward, 1963) . The robustness of the clustering was validated via bootstrap analysis (with 10 000 bootstraps) as implemented in the pvclust package (Suzuki & Shimodaira, 2011) . The cluster dendrogram was visualized by iTOL (Letunic & Bork, 2011) . As an alternative clustering method, correspondence analysis (Legendre & Legendre, 1998) was applied as implemented in the Vegan package (Oksanen et al., 2012) . Owing to the absence of normally distributed data we measured the degree of association by the Spearman correlation and applied the associated statistical test (Best & Roberts, 1975) .
Differentially methylated sites between two groups were tested via linear modelling including an empirical Bayes smoothing of the standard errors models using the Limma package (Smyth, 2004) . All derived p-values throughout the whole manuscript were adjusted for multiple testing by the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995) . To estimate the signal-to-noise ratio a b-uniform mixture model (Pounds & Morris, 2003) was fitted to all raw p-values using the BioNet package (Beisser et al., 2009) . As pyrosequencing intensities are typically measured as b-values, all pyrosequencing data were analysed using b-values. All pyrosequencing results were tested in a two-group comparison using a Wilcoxon rank sum test.
RESULTS
Unsupervised clustering of methylation array data
At present male factor infertility of couples undergoing ART is mainly defined by abnormal semen parameters (sperm concentration, motility and morphology). Our main goal was to find out whether males attending a fertility centre can also be classified according to epigenetic parameters. To this end, 38 consecutive sperm DNA samples of males attending a fertility centre with a wide range of semen parameters (Table S1) were analysed with Infinium HumanMethylation27K arrays. All samples passed the quality controls which are implemented in the Lumi package (Figs S1 & S2) and the Illumina GenomeStudio Methylation Module v1.0 (Figs S3 & S4) . The age of the patients ranged from 27 to 54 years, sperm count from 7 to 120 9 10 6 /mL, sperm motility from 1 to 65% and sperm morphology from 5 to 30% normally shaped spermatozoa. Sperm count, morphology and motility significantly correlated with each other (Spearman correlation test; p < 0.001); however, there was no correlation with age.
First, an unsupervised clustering was performed to identify major effects dividing the data set. Hierarchical clustering (Fig. 1A ) and correspondence analysis (Fig. 1B) clearly split the data set into two groups, A with 29 samples and B with 9 samples respectively. These two groups accounted for 13.8% of the entire variation in the data. Clustering of the data supported this grouping with 83% based on 10 000 bootstrap replicates. This grouping remained stable for different cluster algorithms (single, average and complete clustering).
In addition to the 38 sperm samples from a fertility centre, the four hybridized arrays contained five samples from four healthy normozoospermic volunteers, which can be considered as a control group. Correspondence analysis of the 1000 CpGs sites showing the highest methylation variation in the entire data set with the 38 study samples and five control samples revealed that the control samples clustered with the major group A (Fig. 2) . As expected, the two biological replicates (two sperm samples of the same male, separated by 1 month) clustered very closely together.
Correlation analysis
To address possible causes underlying this clustering, semen parameters were correlated with the two identified clusters. Sperm count, morphology and motility, age of the donor and technical factors such as the bisulfite conversion rate were considered cofactors which might influence sperm DNA methylation. Significant negative correlations were found for sperm count (rho = À0.420; p = 0.009) and for the bisulfite conversion efficiency (rho = À0.343; p = 0.035). The box plot diagrams in Fig. 3 show that the sperm counts in group B are in the low normal range (median 22; interquartile range (IQR) 20-40 9 10 6 / mL), whereas the counts in group A are distributed in a wider range (median 55; IQR 20-75 9 10 6 /mL). Sperm motility, morphology and age of the donor were not associated with the observed clustering. Three of nine (33%) ART attempts using the analysed sperm samples in group B and 13 of 29 (45%) in group A resulted in a pregnancy and live birth of a baby (Table S1) . No abortions or perinatal complications were reported in group A or B. Although the pregnancy rate in group A was lower, this difference was not 824 Andrology, 2013, 1, 822-829 statistically significant. According to semen and clinical parameters, male and/or female factor infertility was assumed. There was no significant between-group difference in male vs. female factors.
Differentially methylated genes
Most (72-74%) of the 27 578 tested CpG sites were hypomethylated (b-value <20%) in all analysed sperm samples, 15-18% were hypermethylated (b-value >80% methylation) and 8-13% displayed intermediate (20-80%) methylation levels. Statistical tests based on a moderated t-test (Smyth, 2004) between groups A and B resulted in 2929 significant differentially methylated CpG sites. Sixty-four to 71% of the significant sites represent hypomethylated CpGs, 16-22% hypermethylated CpGs and 7-18% displayed intermediate methylation levels. The distribution of the mean totals is significantly different (chi-squared test; p = 2.15e-05) from that of all CpG sites on the array. Overall, 2096 significant CpG sites (representing 1656 genes) showed higher and 833 CpGs (representing 688 genes) lower methylation levels in group B. Usually, the observed between-group differences were in the order of several percentage points; few CpG sites displayed b-value differences around 20%. There were no CpGs with <20% methylation in one group and >80% in the other. Table 1 presents the top 10 genes with higher and the top 10 with lower methylation levels in group B, compared to group A.
To identify the biological processes which were differentially regulated in groups A and B, GO enrichment analysis was performed. In a quantitative GO enrichment each gene was weighted by its lowest p-value with lower p-values having higher effects on the enrichment. Quantitative enrichment revealed a strong association with GO terms for gametogenesis, inflammation and immune response-related processes (Table S3) . For a more specific analysis of the 1656 identified genes with (A) (B) Figure 1 Unsupervised clustering of the 38 patient samples. (A) The dendrogram shows a hierarchical Ward clustering of the 38 analysed sperm DNAs based on Euclidian distances. The top split of the tree clearly divides the two clades into two groups, 'A' highlighted in pink and 'B' in blue. This grouping is supported by a bootstrap value of 83%. The lengths of the blue and pink bars, respectively, indicate the sperm count of the analysed samples. (B) The correspondence analysis based on the M-values of all CpG sites on the array also shows a clear split of the analysed samples into group A (pink triangles) and B (blue circles), which are consistent with the results of Ward clustering. This grouping accounts for 13.8% of the information in the underlying data set. All sites of the data set are displayed as black dots, while sites of genes in the spermatogenesis-related gene ontology terms (DNA methylation involved in gamete generation, meiotic prophase I and spermatogenesis) are displayed by green gene names.
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increased methylation values and the 688 genes with decreased methylation qualitative GO enrichment was used. GO terms related to spermatogenesis were found to be enriched in the gene set with a gain of methylation: three of the five top terms were specific for (male) germ cell development (Table 2 ). In contrast, the gene set with lower methylation was enriched for processes involved in inflammation and immune response (6 of the top 10 terms) as well as epigenetic modification (two terms).
Validation of differentially methylated genes
To validate the methylation array results, five significant genes with increased methylation levels in group B were analysed by bisulfite pyrosequencing in 29 of the 38 sperm samples on the array; of the remaining patients no more DNA was available.
INSL6, MAEL, PIWIL2, SLC25A31 and SPO11 were selected because they each displayed at least two highly significant CpG sites on the array and GO terms related to spermatogenesis. MAEL (Soper et al., 2008) and PIWIL2 (Bak et al., 2011) inhibit retrotransposition activity of repetitive elements during male germ cell development. INSL6 is required for the progression of spermatogenesis at late meiotic prophase (Burnicka-Turek et al., 2009 ). The nuclear-encoded mitochondrial protein SLC25A31 is important for energy-consuming reactions in the sperm flagellum (Kim et al., 2007) . SPO11 initiates meiotic recombination through the formation of DNA double-strand breaks (Keeney, 2001) . Genetic polymorphisms in this gene may predispose to idiopathic male infertility (Zhang et al., 2011) . The average methylation level of all analysed CpG sites in the pyrosequencing assay (Table S2 ) was used as a quantitative measure for methylation of a given gene in a given sample. Consistent with the results of array analysis, all five tested genes displayed higher methylation levels in group B (Fig. 4) . Three genes, INSL6, MAEL and SLC25A31 showed borderline significance (Table 3) .
DISCUSSION
In an exploratory methylation array analysis of ART sperm samples, we identified two groups of patients by cluster analysis and correspondence analysis. The smaller group B of patients with sperm counts in the low normal range (median 22; IQR 20-40 9 10 6 /mL) displayed slightly (in the order of several percentage points) higher methylation values in genes related to spermatogenesis and slightly lower methylation values in genes related to inflammation and immune response. Our results revealed significant methylation differences in >10% of analysed CpG sites between the smaller group B and the main group A, although often with small effect size. At the individual level, it may be difficult to estimate the impact of a 1-2% point methylation difference in a given gene on male fertility. However, we propose that similar to genome-wide association studies with genetic markers, even a minor methylation difference between groups can uncover genes and pathways, which may play a major role in sperm quality and developmental potential. In a conceptionally related study (Pacheco et al., 2011) using the same methylation array an effect on a lower dendrogram split was associated with sperm motility. Together these two studies suggest a connection between classical semen parameters and sperm methylation patterns. Of the 38 patients studied here, 22 were diagnosed with male factor infertility based on semen parameters and 16 were normozoospermic. Because microarray analysis did not detect systematic methylation differences between patient samples with normal and abnormal semen parameters, this does not explain the separation between groups A and B. The observation that sperm samples of presumably fertile volunteers with repeatedly normal semen parameters clustered with the major group A argues in favour of the notion that this group closely resembles the reference sperm methylome (Krausz et al., 2012) . Taken together, our results suggest that group B represents a specific subgroup of males with fertility problems, maybe caused by a common aetiology(ies).
In contrast to previous candidate gene studies (Marques et al., 2008; Kobayashi et al., 2009; Hammoud et al., 2010; Poplinski et al., 2010; El Hajj et al., 2011) , which found increased rates of imprinting defects in spermatozoa of oligospermic males, and 2 Correspondence analysis of the 1000 CpG sites showing the highest variation in the entire data set with the 38 patients and five control probes. Similar to the CA without controls, it also shows a clear split of the analysed samples between patient group B (blue circles) and patient group A (pink triangles). The controls (black diamonds) cluster with group A. This grouping accounts for 24.1% of the information in the underlying data set. The two neighbouring diamonds in the right bottom quarter are biological replicates.
826 Andrology, 2013, 1, 822-829 two recent methylation array studies (Aston et al., 2011; Pacheco et al., 2011) , the differentially methylated CpGs sites between groups A and B were not enriched in imprinted genes. One possible explanation of the increased methylation of spermatogenesis-related genes in group B may be sperm DNA damage in infertile/subfertile males. Experimental evidence suggests that external factors (i.e. cigarette smoking, pollutants and medical drugs) as well as internal factors (i.e. paternal age and metabolic disorders) can have an effect on sperm DNA integrity (Pacey, 2010) . In particular oxidative stress in the male germ line and the resulting DNA damage have been linked to global DNA methylation changes (Tunc & Tremellen, 2009 ) and male infertility (Gharagozloo & Aitken, 2011) . However, so far the clinical relevance of sperm DNA damage testing and therapy (i.e. by antioxidants) on pregnancy rates through natural conception or ART remains unclear (Zini, 2011; Beshay & Bukulmez, 2012) . In addition, our study demonstrates a significant reduction in methylation in inflammation and immune response-related genes. This is consistent with expression array studies demonstrating increased transcript levels corresponding to inflammatory activity in testicular biopsies from infertile males (Spiess et al., 2007) . It is tempting to speculate that the epigenetic signatures in sperm samples of group B reflect inflammation and/or autoimmune processes interfering with fertility. With the notable exception of low sperm count, the two groups separated by microarray analysis could not be correlated with clinically relevant parameters, such as male vs. female infertility or ART outcome. Nevertheless, our results suggest that the epigenetic regulation of spermatogenesis-related and other critical pathways is altered in sperm samples of a subgroup of males attending a fertility centre. Three of five differentially methylated genes could be validated by bisulfite pyrosequencing. The borderline significance can be explained by the low sample size and the p-value adjustment. Our results suggest the possibility to develop useful clinical biomarkers for group definition in a diagnostic laboratory. Future studies with higher resolution (>450 000 CpG sites) methylation arrays and larger patient cohorts may allow an improved classification of sperm samples and provide better insights into the association of sperm DNA methylation patterns and ART outcome. Despite numerous efforts, so far genetic defects explain only a minor part of male fertility problems (Gianotten et al., 2004) . The role of epimutations is likely to be largely underestimated. Epigenetics provides the most likely molecular mechanism for geneenvironment interactions in the male germ line that may adversely affect semen quality and embryonic development. Because in principle, epigenetic changes are reversible, a better understanding of epigenetic dysregulation in the male germ line may open new strategies to restore fertility in male subfertility/ infertility cases by modulating DNA methylation, that is, by nutrition or drugs. 
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